Methionine Metabolism Regulates Maintenance and Differentiation of Human Pluripotent Stem Cells  by Shiraki, Nobuaki et al.
Cell Metabolism
ArticleMethionine Metabolism
Regulates Maintenance and Differentiation
of Human Pluripotent Stem Cells
Nobuaki Shiraki,1,8 Yasuko Shiraki,2,8 Tomonori Tsuyama,1,3 Fumiaki Obata,4,5 Masayuki Miura,4,5 Genta Nagae,6
Hiroyuki Aburatani,6 Kazuhiko Kume,1,7 Fumio Endo,2,* and Shoen Kume1,3,*
1Department of StemCell Biology, Institute ofMolecular Embryology andGenetics, KumamotoUniversity, Honjo 2-2-1, Kumamoto 860-0811,
Japan
2Department of Pediatrics, Graduate School of Medical Sciences, Kumamoto University, Honjo 1-1-1, Kumamoto 860-8556, Japan
3Program for Leading Graduate Schools ‘‘HIGO,’’ Kumamoto University, Honjo 2-2-1, Kumamoto 860-0811, Japan
4Department of Genetics, Graduate School of Pharmaceutical Sciences, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033,
Japan
5CREST, Japan Science and Technology Agency, Chiyoda-ku, Tokyo 102-0075, Japan
6Genome Science Division, Research Center for Advanced Science and Technology, The University of Tokyo, Komaba 4-6-1, Meguro-ku,
Tokyo 153-8904, Japan
7Department of Neuropharmacology, Graduate School of Pharmaceutical Sciences, Nagoya City University, 3-1 Tanabe-dori, Mizuho-ku,
Nagoya 467-8603, Japan
8Co-first authors
*Correspondence: fendo@kumamoto-u.ac.jp (F.E.), skume@kumamoto-u.ac.jp (S.K.)
http://dx.doi.org/10.1016/j.cmet.2014.03.017SUMMARY
Mouse embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) are in a high-fluxmeta-
bolic state, with a high dependence on threonine
catabolism. However, little is known regarding amino
acid metabolism in human ESCs/iPSCs. We show
that human ESCs/iPSCs require high amounts of
methionine (Met) and express high levels of enzymes
involved in Met metabolism. Met deprivation results
in a rapid decrease in intracellular S-adenosylme-
thionine (SAM), triggering the activation of p53-p38
signaling, reducing NANOG expression, and poising
human iPSC/ESCs for differentiation, follow by
potentiated differentiation into all three germ layers.
However, when exposed to prolonged Met depriva-
tion, the cells undergo apoptosis. We also show
that human ESCs/iPSCs have regulatory systems to
maintain constant intracellular Met and SAM levels.
Our findings show that SAM is a key regulator for
maintaining undifferentiated pluripotent stem cells
and regulating their differentiation.
INTRODUCTION
Embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) have an unlimited ability to replicate; they are pluripotent
and can give rise to all cell types. ESCs/iPSCs possess a unique
transcriptional circuit that sustains the pluripotent state. These
cells are in a specific epigenetic state that is ready for rapid
cell-fate decisions. Furthermore, various forms of histone
methylation allow dynamic regulation of ESC/iPSC pluripotency780 Cell Metabolism 19, 780–794, May 6, 2014 ª2014 Elsevier Inc.and plasticity. ESCs/iPSCs also possess a characteristically high
rate of proliferation as well as an abbreviated G1 phase. These
unique molecular properties distinguish ESCs and iPSCs from
somatic cells (Boheler, 2009).
These unusual features signify that ESCs/iPSCs exist in a
specialized metabolic state. ESCs and iPSCs rely specifically
on glycolysis (Armstrong et al., 2010; Facucho-Oliveira and St
John, 2009), whereas somatic cells utilize mitochondrial oxida-
tive phosphorylation for energy production. This metabolic
requirement appears to play a causative role rather than being
a consequence of pluripotency acquisition (Folmes et al.,
2011). Recent reports have shown that metabolism is tightly
linked to cellular signaling, and these two processes reciprocally
regulate each other and modulate cell activities such as cell sur-
vival, proliferation, and stem cell function (Takubo et al., 2013;
Wellen and Thompson, 2012).
Mouse ESCs are in a high-flux metabolic state, with a high
dependence on threonine (Thr) catabolism (Alexander et al.,
2011; Wang et al., 2009). It was recently reported that Thr meta-
bolism regulates intracellular S-adenosylmethionine (SAM) and
histone methylation such that depletion of Thr from the culture
medium or knockdown of threonine dehydrogenase (Tdh) in
mouse ESCs decreases SAM accumulation and trimethylation
of histone H3 lysine 4 (H3K4me3), leading to slowed growth
and increased differentiation (Shyh-Chang et al., 2013). How-
ever, in human cells, Tdh is expressed as a nonfunctional
pseudogene. Furthermore, little is known regarding amino acid
metabolism and its role in human ESCs/iPSCs. These reports
highlight the importance of examining the metabolic state of
human ESCs/iPSCs, which may improve our understanding of
the signaling pathways regulating cell survival, pluripotency
maintenance, and differentiation.
Methionine (Met) is an essential amino acid (Finkelstein,
1990). An important metabolite of Met is SAM, which is pro-
duced through an intermediate reaction catalyzed bymethionine
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MAT enzymes: MATI, MATII, and MATIII (Halim et al., 1999).
MATI is a tetramer and MATIII is a dimer of the protein encoded
by MAT1A, whereas MATII is a dimer of the protein encoded
by MAT2A. SAM is a methyl donor crucial for gene regulation
(Lu and Mato, 2008). DNA methylation and protein methylation,
including histone methylation, are catalyzed by methyltrans-
ferases by using SAM as a methyl donor (Goll and Bestor,
2005; Shi, 2007). S-adenosylhomocysteine (SAH) is generated
as a product of transmethylation by methyltransferases such
as DNA methyltransferases (DNMTs) and is then converted
to homocysteine (Hcy) by SAH hydrolase (AHCY). Hcy is reme-
thylated and converted to Met by 5-methyltetrahydrofolate-
homocysteine methyltransferase (MTR), which requires folate
and vitamin B12 or betaine-homocysteine methyltransferase
(BHMT) as amethyl donor. Alternatively, Hcy is converted to cys-
tathionine by cystathionine b-synthase (CBS) and then further
metabolized to cysteine by cystathionase (CTH). The Met
salvage pathway, in which S-methyl-50-thioadenosine (MTA), a
byproduct of polyamine biosynthesis, is enzymatically converted
to Met through several enzymatic steps, is also involved in Met
metabolism. However, no study yet has focused on the Met
salvage pathway in human ESCs/iPSCs.
Here, we show that undifferentiated pluripotent human ESCs/
iPSCs are in a high-Met metabolic state that decreased with
differentiation. We examined the underlying mechanisms and
measured metabolites.
RESULTS
Met Deprivation Causes Cell-Cycle Arrest and
Impairment of Survival in Pluripotent Human
ESCs/iPSCs
We first deprived single amino acids from the culture medium for
48 hr during culture of the undifferentiated human ESC line
khES3 (Suemori et al., 2006) and the human iPSC line 201B7
(Takahashi et al., 2007), and we examined their impact on cell
survival (Figure 1A). Deprivation of leucine (Leu), lysine (Lys),
tryptophan (Trp), or Met resulted in inhibition of cell growth and
decreased cell number (Figure 1A). Bright-field microscopy
showed cell death when cells were grown in Leu-, Lys-, or
Met-deprived conditions (Figure S1 available online). Met depri-
vation was the most effective growth inhibitor of human pluripo-
tent stem cells; we therefore focused on Met.
When Met concentration in the media was reduced from
120 mM to 12 mM, self-renewal was reduced in both khES3 and
201B7 cells (Figure 1B). Similar results were observed with other
human ESC (khES1) or iPSC (253G1) lines (Figure S1B). Time-
dependent studies revealed a significant reduction in cell num-
ber (Figure 1C) and self-renewal (Figure 1D) as early as 5 hr after
Met deprivation. Apoptosis significantly increased after 24 hr of
Met deprivation (Figure 1E), and at 48 hr more than half of the
cells were TUNEL-positive (Figure 1E). Apoptosis was also
observed with Leu or Lys deprivation in khES3 cells (Figure S1C).
G0/G1 phase arrest, as well as a reduction in the cell popula-
tion in S and G2/M phases, was observed following prolonged
Met deprivation for 24 hr in both khES3 and 201B7 cells (Fig-
ure 1F). G0/G1 phase arrest was also observed after Leu and
Lys deprivation for 48 hr (Figure S1D).CThese results indicate that undifferentiated human ESCs/
iPSCs require greater than 25 mM Met for maintenance and
that deprivation of Met results in growth inhibition, followed by
cell-cycle arrest and cell death.
Rapid Decrease in Intracellular SAM and MTA Levels
and Cessation of Hcy Excretion after Met Deprivation
In mouse ESCs, Thr is essential for cell growth, and deprivation
of Thr reduces intracellular SAM ([SAM]i) levels (Shyh-Chang
et al., 2013). To determine the intracellular level of Met ([Met]i)
and its metabolites in human ESCs/iPSCs cultured in complete
(control) or Met-deprived conditions, we analyzed and quantified
intracellular Met-cycle metabolites (Met, SAM, SAH, and MTA)
and excreted Hcy in khES3 and 201B7 cells. The [Met]i level
decreased 5 and 24 hr after Met deprivation (Figure 2A, Met).
We observed a decrease in [SAM]i and [MTA]i at 5 hr, which
increased 24 hr after Met deprivation, with [SAM]i returning to
a level similar to that of the control (Figure 2A, SAM). MTA sup-
plementation increased [Met]i in both control and Met-deprived
conditions (Figure 2A, Met). This result suggests that human
ESCs actively convert MTA into Met, and then into SAM, even
in complete media. This preference of SAM and MTA utilization
explains the early decrease in [SAM]i and [MTA]i at 5 hr after
Met deprivation. Interestingly, a rapid release of intracellular
Hcy into the media was observed in complete media (Figure 2B).
Hcy excretion was not seen under Met deprivation conditions,
which reoccurred when supplemented withMTA.We interpreted
this result to indicate conversion of MTA into Met, which then
entered the Met cycle with subsequent metabolization into
Hcy. Decreased SAM and cessation of Hcy excretion were
also observed in 201B7 cells (Figures 2C and 2D).
Expression profile analysis revealed that Met depletion trig-
gered a marked downregulation of Met metabolic enzymes,
including DNMT3B (Figures 2E and 2F). While MAT2A, which
catalyzes the conversion of Met into SAM in pluripotent stem
cells, significantly increased under Met deprivation, MAT2B
expression was attenuated under Met deprivation, showing a
rapid decrease and a later increase after 10 hr. It is possible
that MAT2A/MAT2B upregulation may then lead to an increase
in [SAM]i (Figure 2A, SAM).
SAM Is Crucial for Self-Renewal and Survival of Human
ESCs/iPSCs
To examine the role of Met metabolism in self-renewal of human
ESCs/iPSCs, we performed Met deprivation and rescue by sup-
plementation with Met metabolites such asMet itself, SAM, Hcy,
or MTA. In both khES3 and 201B7 cells, cell death induced by
Met deprivation was rescued by supplementation with Met,
SAM, Hcy, or MTA (Figure 3A). Met supplementation was the
most effective, followed by SAM and MTA supplementation.
Hcy supplementation showed limited rescue effects compared
to Met. MTA supplementation also rescued cell depletion, con-
firming the conversion of MTA to Met through the salvage cycle
(Figure 2).
These results suggest the importance of Met and SAM for
maintaining ESC/iPSC self-renewal. To examine whether Met
or SAM is essential for themaintenance of pluripotent stem cells,
we performed knockdown of MAT2A, MAT2B, and spermine
synthase (SMS) (Figures 3B and 3C). Knockdown of MAT2A orell Metabolism 19, 780–794, May 6, 2014 ª2014 Elsevier Inc. 781
Figure 1. Impact of Met Deprivation on Undifferentiated Human ESCs/iPSCs
(A) Total number of undifferentiated khES3 (open bars) and 201B7 (black bars) cells after 48 hr amino acid deprivation.
(B–F) Shown are graded Met concentration (B) and time-dependent effects on total cell number (C), proliferation (D), apoptosis (E), and G0/G1 arrest (F). Error
bars, SEM (n = 3). Significant differences were determined by Student’s t test; *p < 0.05 and **p < 0.01.
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and S2). Rescue of self-renewal by SAM addition was not
affected by SMS knockdown (Figure 3C). The above results indi-
cate that SAM, rather than Met itself, is essential for self-renewal
and survival (Figures 3B and 3C).782 Cell Metabolism 19, 780–794, May 6, 2014 ª2014 Elsevier Inc.Next, the effect of cycloleucine, an analog of Met that acts as a
specific inhibitor of MAT (Sufrin et al., 1979), was tested. khES3
and 201B7 cells treated with increasing cycloleucine for 48 hr
showed a significant decrease in cell number at 100 mM cyclo-
leucine (Figure 3D). Cycloleucine treatment for 24 hr significantly
Figure 2. Measurement of Met-Cycle Me-
tabolites
(A) Intracellular concentration of Met ([Met]i), MTA
([MTA]i), SAM ([SAM]i), and SAH ([SAH]i) in undif-
ferentiated khES3 cells 5 and 24 hr after culture in
complete (open bars) or Met-deprived (black bars)
media, normalized to DNA.
(B) Hcy excretion ([Hcy]E) in khES3 cells 24 hr after
Met deprivation. ND, not detected.
(C) [SAM]i of undifferentiated 201B7 cells after 5 hr
culture in complete (open bars) or Met-deprived
(black bars) media.
(D) [Hcy]E in 201B7 cells after 24 hr culture.
(E) Expression profiles of Met-Cys metabolic en-
zymes in undifferentiated khES3 cells cultured
in complete or Met-deprived (DMet) media for 5
or 24 hr.
(F) Time-dependent changes in levels of DNMT3B,
MAT2A, and MAT2B by real-time PCR. Error bars
represent SEM (n = 3). Significant differences were
determined by Student’s t test; NS, no signifi-
cance, *p < 0.05, and **p < 0.01.
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demonstrating that SAM, but not Met, is essential for the self-
renewal and survival of human ESCs/iPSCs.
Next, to examine how prolonged Met deprivation affects cell
survival, we performed 5 hr and 24 hr Met deprivation studies
(Figure 3F) followed by 48 hr of culture in complete or Met-
deprived media in khES3 and 201B7 cells. Deprivation of Met
for 5 hr was reversible, and cells proliferated after switching
to complete media (Figure 3F, c). However, under prolonged
(24 hr) Met deprivation, cell proliferation did not recover even
when cells were switched to complete media (Figure 3F, f). This
result suggests that a short Met deprivation is reversible, but pro-
longed Met deprivation is vital for cell survival. Considering that
intracellular Met metabolite concentrations change with time
(Figure 2), our results suggest that SAM may act as an early
sensor. Met deprivation led to SAM reduction and decreased
proliferation, and prolonged Met deprivation resulted in G0/G1
phase cell-cycle arrest (Figure 1F), which then led to apoptosis.Cell Metabolism 19, 780Met Deprivation in Undifferentiated
Human ESCs/iPSCs Induced
Upregulation of the p53-p38
Signaling Pathway, which Is Critical
for Cell-Cycle Arrest and Apoptosis
We next attempted to identify the sig-
naling pathway responsible for the im-
paired cell survival. We performed gene
expression profiles of undifferentiated
khES3 cells cultured in complete or
Met-deprived conditions for 5 or 24 hr.
Cell-cycle- and apoptosis-related genes
increased by >3-fold (Figure 4A) and
>2-fold (Table S1A), respectively, in the
Met-deprived group compared to the
complete control. Significant increases
were observed in levels of p53-depen-
dent genes involved in apoptosis, such
as ATM, ATR, MDM2, CDKN1A, FAS,TNFRSF10A, and TNFRSF10D. Additionally, Met deprivation
for 24 hr increased CASP3 and CASP8, which are critical medi-
ators of apoptosis (Figure 4A). Enrichment analysis identified
signaling pathways, the expression levels of which increased
by >3-fold at 5 or 24 hr Met deprivation, are shown in Table S1B.
Because transcript levels of p53 were unchanged under Met
deprivation conditions, we next examined p53 at the protein
level. Total p53 protein increased within 5 hr of Met deprivation
in both khES3 and 201B7 cells, detected by western blot (Fig-
ure 4B) and immunocytochemical analyses (Figure 4C). Supple-
mentation of Met decreased the proportion of p53+ cells in a
concentration-dependent manner (Figure 4D). Interestingly, the
increase in p53+ cells was observed specifically underMet depri-
vation, but not under deprivation of other amino acids (Figure 4E).
Moreover, p53 upregulation was completely abolished by SAM
supplementation (Figure 4E,DMet+SAM) and triggered by cyclo-
leucine (Figure 4F). To determine the effect ofDMet-induced p53
on cell death in khES3 cells, we performed knockdown of p53–794, May 6, 2014 ª2014 Elsevier Inc. 783
Figure 3. Met Metabolism Is Crucial for Human ESC/iPSC Proliferation
(A) Quantitative analyses of relative khES3 (left panels) and 201B7 (right panels) cell numbers after culture for 48 hr in complete or Met-deprived (DMet) media.
Cells were supplemented with 100 mM Met, SAM, SAH, Hcy, Cys, or MTA (black bars), and cell numbers were compared with the control complete media
(white bars).
(B) Relative cell numbers of nonsilenced (NS), MAT2A, or MAT2B KD khES3 cells 48 hr after knockdown.
(C) Quantitative analyses of relative cell numbers of NS or SMS KD khES3 cells after 48 hr culture in complete or Met-deprived (DMet) media. Supplementation of
100 mM SAM (+SAM).
(legend continued on next page)
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p38 (p-p38), a downstream target of p53, were not observed in
p53 KD cells 5 hr after Met deprivation (Figure 4G). p53 KD cells
showed a partial rescue of the cell death induced by 48 hr Met
deprivation (Figure 4H). Moreover, khES3 cells treated with a
p38 inhibitor, SB239063 (SB), also showed a partial rescue of
the cell death caused by Met deprivation (Figure 4I).
Our results indicate that activation of the p53-p38 signaling
pathway is an early response at 5 hr, induced byMet deprivation.
p38 activation partially accounts for the cell-cycle arrest, which
leads to apoptosis of undifferentiated human ESCs/iPSCs
upon prolonged Met deprivation.
Genes that were upregulated after Leu and Lys deprivation for
5 hr, but not after Met deprivation, were also identified (Fig-
ure S3A, Table S1C). Among these, DNA damage-inducible tran-
script 3 (DDIT3) increased significantly by real-time PCR analysis
(Figure S3B). DDIT3, also known as C/EBP homologous protein
(CHOP) and growth arrest and DNA damage-inducible gene 153
(GADD153), is an important component of the endoplasmic re-
ticulum (ER) stress-mediated apoptosis pathway (Oyadomari
and Mori, 2004). DDIT3 is induced by Leu depletion in human
cell lines (Bruhat et al., 1997). These results, therefore, suggest
that Leu and Lys deprivation induced apoptosis (Figure 1)
through a mechanism different from that of Met deprivation.
Met Deprivation Reduced Histone and DNAMethylation,
Decreased NANOG Expression, and Increased Overall
Differentiation Potency
Our results showed that [SAM]i decreased rapidly within 5 hr of
Met deprivation (Figure 2) and that treatment with SAM rescued
Met deprivation-induced cell death (Figure 3A) and abolished
upregulation of p53 (Figure 4E). SAM functions as amajor methyl
donor in methyl transfer reactions, such as methylation of his-
tone H3 K4, K9, K27, and K36 and DNA methylation. A study in
mouse ESCs demonstrated that SAM reduction decreased
H3K4me3 (Shyh-Chang et al., 2013), but the effect of SAM
reduction on epigenetic modifications of human ESCs/iPSCs is
unknown. We thus examined the impact of Met deprivation on
histone (Figures 5A and 5B) and DNA methylation (Figure 5C).
After short-term (5 hr) Met deprivation in undifferentiated
201B7 cells, a rapid decrease in H3K4me3 was observed, which
was reversed by the addition of SAM. Cycloleucine (100 mM)
also decreased trimethylation of H3K4me3 levels (Figure 5A).
Decreased H3K4me3 was also observed in khES3 cells (Fig-
ure 5B) and persisted under long-term (24 hr) Met deprivation
(Figures 5A and 5B). Therefore, H3K4me3 demethylation
occurred as a rapid response to decreased [SAM]i in human
ESCs/iPSCs, similar to mouse ESCs. We also compared the
extent of DNA methylation in undifferentiated 201B7 cells
cultured for 5 hr in Met-deprived and complete media. A modest
reduction in global DNA methylation was observed (Figure 5C),
with 1,864 probes showing a decrease in Met-deprived cells(D) Relative khES3 (open bars) and 201B7 (black bars) cell numbers after culture
(E) Intracellular Met ([Met]i), SAM ([SAM]i), SAH ([SAH]i), and MTA ([MTA]i) levels in
complete or 100mMcycloleucine (CL100)media are shown. Data are normalized t
versus complete media.
(F) Relative cell numbers of cells treated for different time periods under control co
bars represent SEM (n = 3). Significant differences compared to nonsupplement
Cgreater than 15%, compared to those cultured in complete
medium. Affected regions were not located at transcriptional
start sites (TSSs) but were primarily in the vicinities of TSSs or
gene body regions (Figure 5C). However, we could not identify
specific genes regulated by Met deprivation (N.S., unpublished
data). Taken together, our results indicate that Met deprivation
results in a decrease in [SAM]i, leading to a reduction in
H3K4me3 and a global reduction in DNA methylation in human
ESCs/iPSCs.
Decreased [SAM]i occurred 5 hr after Met deprivation and trig-
gered p53-p38 activation (Figure 4). As p53 has been reported to
induce differentiation of mouse ESCs by suppressing Nanog
expression (Lin et al., 2005), we examined whether expression
of pluripotent markers was affected. We found that NANOG
expression decreased in undifferentiated 201B7 and khES3 cells
after Met deprivation, while OCT3/4 expression was unaffected
(Figures 5D and 5E). We next examined whether deprivation of
other amino acids had an effect onNANOG andOCT3/4 expres-
sion, and we found that Leu deprivation also triggered a
decrease in NANOG expression, although to a level lower than
that of Met deprivation. The decrease in NANOG expression
was rescued by supplementation with Met or SAM in a concen-
tration-dependent manner (Figures 5G and 5H).
We then tested whether a short period of Met deprivation
increased the differentiation potency of human iPSCs (Figures
5I–5K). Pluripotent 201B7 cells were cultured in Met-deprived
maintenance media for 10 hr and then subjected to differentia-
tion into the definitive endoderm. The proportion and total
number of SOX17+ definitive endoderm cells increased in the
Met-deprived group compared to the control group at differenti-
ation day 4 (D4), indicating that Met deprivation potentiated
differentiation into definitive endoderm (Figure 5I). However,
gene expression profiling did not show marked induction of
differentiation markers after Met deprivation at 5 or 24 hr (Fig-
ure S4A), suggesting that exposure to induction signals is
required for triggering differentiation. Similar results were
observed in khES1, khES3, and 253G1 iPSCs, indicating that
potentiation of differentiation was commonly observed across
different human ESC/iPSC lines (Figures S4B–S4D).
We then examined whether potentiation of differentiation
occurs with differentiation into other germ layers. Undifferenti-
ated 201B7 cells were cultured under Met-deprived conditions
and then directed toward mesoderm differentiation. We ob-
served a higher proportion of cells expressing the early meso-
derm marker T protein (Figure 5J). Similarly, when deprived of
Met and then directed to differentiate into ectodermal and
neuronal lineages, expression levels of PAX6 orMAP2 increased
compared to those cultured in complete media (Figure 5K).
Taken together, our results indicate that a short exposure to
Met deprivation of undifferentiated human iPSCs decreased
NANOG expression and increased the overall differentiation
potency into the three germ layers.for 48 hr in complete media with 0, 25, 50, or 100 mM cycloleucine (CL).
undifferentiated khES3 cells 5 hr (open bars) or 24 hr (gray bars) after culture in
o DNA, and relativemetabolite amounts are shown as a ratio of values at CL100
mplete and Met-deprived conditions as shown in conditions a–c and d–f. Error
ed cells (a and d) were determined by Student’s t test; **p < 0.01.
ell Metabolism 19, 780–794, May 6, 2014 ª2014 Elsevier Inc. 785
(legend on next page)
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Metabolic State Compared to Differentiated Cells
We previously established a procedure for inducing ESCs
sequentially into the definitive endoderm as well as specific
digestive organs, such as the pancreas, liver, and intestines
(Ogaki et al., 2013; Shiraki et al., 2008a, 2008b, 2011). Marked
differences exist in the differentiation potencies of human ESC/
iPSC lines, which is an issue for efficient directed differentiation
of human ESCs/iPSCs in vitro (Kajiwara et al., 2012; Osafune
et al., 2008). We thus investigated differences in Met metabolism
upon human ESC differentiation by focusing differentiation into
the endoderm lineages.
We examined gene expression profiles, Met consumption,
and Hcy excretion using undifferentiated khES3 cells, and the
derived definitive endoderm cells differentiated under feeder-
free conditions (Iwashita et al., 2013) (Figure 6A). Microarray
analysis indicated that expression of essential Met and Cys
metabolic enzymes, such as DNMT, was high in undifferentiated
khES3 cells (Figure 6B).MAT2A expression was also elevated in
undifferentiated khES3 cells, but downregulated in the definitive
endoderm, whereasMAT2B levels were unchanged (Figure 6B).
The concentration of Met in the media rapidly decreased dur-
ing maintenance culture, due to cellular uptake (Figure 6C). Total
consumption of Met was significantly lower when cells adopted
definitive endoderm differentiation compared to undifferentiated
human ESCs. Furthermore, Hcy excretion from the endoderm
was low and unaffected by Met deprivation (Figure 6D).
These results indicate that undifferentiated khES3 cells are in
a high-flux Met metabolic state. In contrast, endoderm cells
require a low amount of Met for cell growth and therefore are
not affected by Met deprivation. This metabolic difference be-
tween undifferentiated cells and endoderm cells prompted us
to test the effects of Met deprivation on eliminating remaining
undifferentiated cells during differentiation.
Long-Term Met Deprivation Leads to Apoptosis,
Specifically in Undifferentiated Cells, and Potentiates
Endoderm and Hepatic Differentiation
Definitive endoderm differentiations of human ESC lines khES1
and khES3, and human iPSC lines 201B7 and 253G1 on day
10 (D10), are shown in Figure 7 (Shiraki et al., 2008a; Umeda
et al., 2013). When khES3 or 253G1 cells were differentiated
into definitive endoderm, OCT3/4 expression was rapidly down-
regulated. In contrast, in khES1 or 201B7 cells, a higher propor-
tion of OCT3/4-expressing undifferentiated cells remained at
D10 (Figure 7A). For hepatic differentiation, media was changed
to hepatocyte differentiation media at D10 (Shiraki et al., 2008a;Figure 4. Met Deprivation Triggered Rapid Activation of p53-p38 Signa
(A) Gene expression profile analyses with undifferentiated khES3 cells showed
upregulated >3-fold in Met-deprived cells compared to cells cultured in control c
(B and C) p53 expression in khES3 and 201B7 cells by western blot (B) or immu
(D) The proportion of cells expressing p53 decreased with increasing Met conce
(E) Met deprivation, but not other amino acids, specifically increased p53+ cells.
(F) Supplementation of 25 and 100 mM cycloleucine (CL25 and CL100) increase
(G) p53 and phosphorylated p38 (p-p38) were upregulated 5 hr after Met dep
increased in p53 knockdown (KD) human ESCs.
(H) Decreased cell death in p53 KD human ESCs after 48 hr Met deprivation.
(I) The p38 inhibitor, SB239063 (SB, 10 mM), rescued apoptosis. Error bars repre
*p < 0.05 and **p < 0.01. Scale bar, 100 mm.
CUmeda et al., 2013). The remaining undifferentiated cells were an
obstacle for further differentiation, and expression of the early
liver marker AFP and the hepatocyte marker albumin (ALB) in
201B7 cells was lower than that in khES3-derived differentiated
cells (Figure 7B). Because Met deprivation triggered cell death in
undifferentiated cells (Figure 1) without affectingMetmetabolism
in the definitive endoderm (Figure 6D), we deprived Met during
mid-stage endoderm differentiation from day 8 (D8) to D10 in
201B7 cells. Met deprivation eliminated the undifferentiated
OCT3/4 cells without affecting SOX17+ cells (Figure 7C). We
also tested khES1 cells, which are resistant to endoderm differ-
entiation. Met deprivation also improved the differentiation effi-
ciency of khES1 cells by eliminating undifferentiated cells
(Figure 7D). Next, we analyzed the impact of Met deprivation
on apoptosis. TUNEL-positive cells significantly increased with
Met deprivation, which was observed in OCT3/4+ cells, but not
in SOX17+ cells (Figure 7E). Quantitativemeasurements revealed
that a high percentage of OCT3/4+ cells (60%), but not SOX17+
cells, rapidly becameapoptotic uponMet deprivation (Figure 7F).
As Met deprivation promoted cell death only in undifferentiated
cells, we next examined its impact on hepatic differentiation.
Met deprivation during D8–10 (Figures 7G–7I) potentiated the
differentiation of 201B7 cells into the hepatic lineage, resulting
in a remarkable increase in the proportion of AFP+ cells and
a reduction in OCT3/4+ cells (Figure 7G). Met deprivation in
201B7 cells resulted in increased expression of ALB to a level
even higher than that in primary hepatocytes (pHep) (Figure 7H),
and secretion of ALB was higher than that in pHep as well
(Figure 7I).
These data indicate that prolonged Met deprivation eliminates
residual undifferentiated cells and leads to an increased overall
differentiation efficiency in resistant cell lines, with respect to dif-
ferentiation into endoderm and hepatic lineages.
DISCUSSION
In contrast to mouse ESCs, which are highly dependent on Thr
metabolism, Tdh is nonfunctional in humans; moreover, we
observed that undifferentiated pluripotent ESCs/iPSCs were in
a high-Met metabolic state. We also found that SAM is required
for the self-renewal of human ESCs/iPSCs and maintenance of
an undifferentiated state. Short-term depletion of SAM triggered
the following: (i) demethylation of H3K4me3, (ii) global DNA de-
methylation, (iii) p53 signaling activation, and (iv) decreased
expression of the pluripotent marker NANOG. This then poised
the cells in a potentiated state for differentiation into the three
germ layers. In this state, MAT2A is upregulated, and the MTAling in Pluripotent Human ESCs/iPSCs
that genes (signal intensity > 50) involved in the cell cycle or apoptosis are
omplete media.
nocytochemical analysis (C).
ntration.
SAM (100 mM) inhibited p53 accumulation in DMet conditions.
d the number of p53+ khES3 cells.
rivation in nonsilenced (NS) siRNA-treated ESCs, but neither p53 nor p-p38
sent SEM (n = 3). Significant differences were determined by Student’s t test;
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Figure 5. Short-Term Met Deprivation Triggers Histone and DNA Demethylation and Potentiates Differentiation into the Three Germ Layers
(A andB)HistoneH3methylationwas examined in undifferentiated 201B7 (A) and khES3 (B) cells cultured inMet-deprived (DMet) or controlmedia (C) for 5 or 24 hr.
SAM supplementation (100 mM) in Met-deprived media (DMet+SAM) reversed demethylation of H3K4me3. Cycloleucine (100 mM) decreased H3K4me3 levels.
(legend continued on next page)
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is prolonged and cells are not exposed to differentiation signals,
theMet cycle eventually stops, and human ESCs/iPSCs undergo
apoptosis.
UponMet deprivation, cells halted excretion of Hcy and began
to utilize SAM or MTA, resulting in reduced [SAM]i and [MTA]i, a
rapid response observed at 5 hr. MAT2A was upregulated to
convert Met to SAM and restored the reduced [SAM]i 24 hr after
Met deprivation. These events, such as salvage pathway activa-
tion and cessation of Hcy excretion, are stress responses of
human ESCs/iPSCs revealed in this study. The pluripotent
stem cells developed regulatory systems to maintain [SAM]i at
constant levels. We also found that SAM supplementation
rescued the apoptosis induced by Met deprivation, and supple-
mentation of SAM, MTA, or Hcy rescued the impaired cell
survival at a potency of SAM > MTA > Hcy. MAT2A/MAT2B
knockdown or cycloleucine addition, but not SMS knockdown,
phenocopied Met depletion and resulted in growth inhibition.
Because cycloleucine specifically reduces [SAM]I, but not
[Met]i, SAM, but not Met, is therefore essential for survival of
undifferentiated human ESCs/iPSCs.
SAM is a major methyl donor during methyl transfer reactions,
including histone or DNA methylation. Histone methylation
contributes to chromatin remodeling as well as transcriptional
activity (Berger, 2007). SAM functions as a sensor for Met meta-
bolism, with a rapid decrease in [SAM]i inducing H3K4me3
and DNA demethylation, as well as decreased NANOG expres-
sion and p53-p38 pathway activation. Met deprivation rapidly
poised human ESCs/iPSCs for differentiation. However, pro-
longed exposure to Met deprivation for 24 hr or more in the
absence of appropriate differentiation signals caused the cells
to undergo an irreversible change, such as prolonged G0/G1
arrest and decreased self-renewal, thus triggering apoptosis.
When deprival of Met was performed during mid-stage differen-
tiation, residual undifferentiated cells were eliminated, and
overall differentiation efficiency was increased. Therefore, this
knowledge is useful and applicable to eliminate variability in
differentiation efficiency among cell lines and promote differen-
tiation into specific lineages. Human iPSCs are reportedly
dependent on oleate; an inhibitor of oleate synthesis shows
cytotoxicity and may selectively eliminate human iPSCs (Ben-
David et al., 2013). Cardiomyocytes and noncardiomyocytes
from mouse and human ESCs/iPSCs differ markedly in glu-
cose and lactate metabolism; thus, cardiomyocytes can be
obtained at a high purity during large-scale purification by cul-
ture in glucose-free media (Tohyama et al., 2013). However, cul-
ture in glucose-free media did not potentiate differentiation,
which differs from our present results regarding short-term
Met deprivation.(C) DNAmethylation profiles in undifferentiated 201B7 cells cultured in completem
with greater than 15% reduction in DNA methylation under Met deprivation are s
(D and E) Short-term Met deprivation (5 hr) downregulated NANOG expression i
(F) Real-time PCR analysis of NANOG and OCT3/4 in khES3 cells in complete o
(G and H) NANOG expression increased with increasing Met (G) or SAM (H) con
(I–K) Human iPSCs cultured in Met-deprived conditions showed an elevated diffe
shown by expression of the endoderm marker SOX17 (I), early mesoderm marker
analyses. Cells were pretreated with complete medium (I and J, left bars; K, op
ferentiation. Error bars represent SEM (n = 3). Student’s t test; *p < 0.05 and **p
CWhile methylation of H3K4 is generally associated with activa-
tion of transcription, H3K9 and H3K27 are repressive epigenetic
markers. In ESCs, simultaneousmethylation of H3K4 and H3K27
is associated with the undifferentiated state, where a gene
may be poised to be either fully activated or repressed (Bernstein
et al., 2006). Here, decreased trimethylation of H3K4 (H3K4me3)
resulting from Met deprivation suggests that Met metabolism
might function in the regulation of self-renewal of pluripotent
stem cells through epigenetic marking at H3K4me3 (Ang et al.,
2011). Previously, mouse ESCs were reported to be in a high-
flux state requiring Thr to maintain cell-cycle progression
(Wang et al., 2009). In mouse ESCs, rapid conversion of Thr
to Gly by Tdh is suggested to provide 5-methyltetrahydrofolate
(5mTHF) needed for recycling SAH to SAM; thus, Thr deprivation
caused a reduction in SAM, which then triggered demethylation
of H3K4me3 and H3K4me2 (Shyh-Chang et al., 2013). In hu-
mans, the TDH gene is an expressed pseudogene (Edgar,
2002). Human ESCs/iPSCs directly generate SAM from Met.
Therefore, mouse and human ESCs/iPSCs utilize similarly the
Met pathway for maintaining their pluripotent state in principal.
Met metabolism directly regulates SAM levels, and SAM reduc-
tion triggered demethylation of H3K4me3 (but not H3K9me3,
H3K27me3, or H3K36me3) specifically, the mechanism of which
remains unknown.
Evidence suggests that self-renewal and pluripotency are
closely linked to cell-cycle regulation in pluripotent stem cells
and that NANOG plays a role in the G1-to-S transition through
direct binding of CDK6 and CDC25A (Zhang et al., 2009). The
high self-renewal rate is considered essential for maintaining
ESC identity, and cell-cycle arrest is sufficient to drive human
ESCs toward irreversible differentiation (Ruiz et al., 2011).
Deletion of p53 in mouse cells or silencing of p53 in human
somatic cells increases the reprogramming efficiency (Kawa-
mura et al., 2009). p53 induces differentiation by directly sup-
pressing NANOG expression in mouse ESCs (Lin et al., 2005).
Our results showed that Met deprivation triggered decreased
expression of NANOG, but not OCT3/4. NANOG is a member
of the core transcription circuit required for ESCs to maintain
pluripotency. While NANOG is actively downregulated during
differentiation, OCT3/4 is downregulated when the later line-
age choice occurs (Iovino and Cavalli, 2011). Our present
results suggest that the Met metabolism is responsible for
regulation of cell-cycle progression and maintenance of plurip-
otency of human ESCs/iPSCs versus differentiation or
apoptosis through the p53-p38 signaling pathway. Activation
of p53 signaling was observed specifically under conditions
of Met deprivation but was not seen upon deprivation of other
amino acids, and p53-p38 accumulation was halted by the
addition of SAM.edium (x axis) andMet-deprivedmedium (y axis) for 5 hr. The number of probes
hown.
n 201B7 (D) and khES3 (E) cells.
r amino acid-deprived media for 5 hr.
centration in the media.
rentiation into the definitive endoderm (I), mesoderm (J), and ectoderm (K), as
T (J), PAX, orMAP2 (K) by immunohistochemical (I and J) or real-time PCR (K)
en bars) or Met-deprived media (I and J, right bars; K, black bars) before dif-
< 0.01. Scale bar, 100 mm.
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Figure 6. Undifferentiated Human ESCs Are in a High-Met Metabolic State Compared with Definitive Endoderm Cells
(A) Schematic drawings of the experimental design to determine differences in Met metabolism between undifferentiated ESCs and definitive endoderm cells.
Endoderm cells differentiated for 5 days expressed SOX17, but not OCT3/4.
(B) Signal intensity of Met cycle-related genes in undifferentiated (undiff) and differentiated khES3 cells on differentiation day 5 (D5) toward the definitive
endoderm analyzed by microarray.
(legend continued on next page)
Cell Metabolism
Methionine Metabolism Regulates Human ESCs/iPSCs
790 Cell Metabolism 19, 780–794, May 6, 2014 ª2014 Elsevier Inc.
Cell Metabolism
Methionine Metabolism Regulates Human ESCs/iPSCsSAM has been reported to act as a stress sensor in malignant
cells (Lin et al., 2014). P53 is also known to trigger various stress
responses (Kruse and Gu, 2009). We found that 5 hr Met depri-
vation in khES3 cells triggered a 27-fold increase in the expres-
sion of EGR1, a transcription factor that upregulates p53 (Baron
et al., 2006), or a 33-fold increase in DHRS2, a gene that inhibits
Mdm2 and stabilizes p53 protein (Deisenroth et al., 2010). There-
fore, Egr1 and DHRS2 are candidate molecules that mediate
upregulation of p53 triggered by SAM limitation. However, the
exact molecular mechanism linking SAM and p53 still awaits
future investigations.
Taken together, our data indicate thatMetdeprivation results in
a rapid decrease in [SAM]i, triggering activation of p53-p38 sig-
naling, reducing NANOG expression, and poising human iPSC/
ESCs for differentiation. The cells endured short-termMet depri-
vation by replenishing the [Met]i pool with the salvage Met path-
way, which was then metabolized to replenish SAM. However,
during prolonged Met deprivation, the continued absence of
Met metabolism led to cell-cycle arrest and apoptosis. These re-
sults are consistentwith the data fromprevious studies indicating
that p53 is a barrier to reprogramming and that decreasing p53
protein levels increases the efficiency of reprogramming (Banito
et al., 2009; Kawamura et al., 2009). In conclusion, we demon-
strated the importance of SAM in Met metabolism in regulating
p53 signaling and its relationship with pluripotency, cell survival,
anddifferentiationof humanESCs/iPSCs.Our findingscanbeuti-
lized to eliminate undifferentiated pluripotent cells in culture and
may be useful for future applications in regenerative medicine.
EXPERIMENTAL PROCEDURES
Cell Culture and Reagents
Human ESCs were approved by Kumamoto University’s Institutional Review
Board, following the hESC guidelines of the Japanese government. Undiffer-
entiated human ESCs (khES1, khES3) (Suemori et al., 2006) and iPSCs
(201B7, 253G1) (Takahashi et al., 2007) were maintained as described (Shiraki
et al., 2008a). For feeder-free culture, ESCs/iPSCs were cultured on matrigel-
coated dish with feeder-free culture media ReproFF (ReproCELL). For Met
deprivation with undifferentiated cells, cells were cultured with human ESC/
iPSC maintenance medium CSTI-7 (Cell Science & Technology Institute;
CSTI) (Furue et al., 2008) or Met-deprived CSTI-7 medium. Met, Hcy, Cys,
SAM, MTA, cycloleucine, and SAH were purchased from Sigma-Aldrich.
SB239063 was purchased from Calbiochem. Methods of endoderm, meso-
derm, or ectoderm differentiation, and gene knockdown examination, are
described in Supplemental Experimental Procedures.
Real-Time PCR, Immunocytochemistry, and Western Blot Analysis
Real-time PCR, immunocytochemistry, and western blot were performed as
previously described (Shiraki et al., 2011). Primer sequences and antibody
information are shown in Tables S2 and S3, respectively. In immunocytochem-
ical analysis, positive cells versus total cells (DAPI-positive cells) were quanti-
fied using ImageXpress Micro cellular imaging system (Molecular Devices).
Measurement of Met, SAM, SAH, MTA, and Hcy
Measurement of methionine, SAM, SAH, MTA, and Hcy was performed using
ultra-high-performance liquid chromatography equipped with tandem mass
spectrometry, TQD (UPLC-MS/MS; Waters) based on a previous report (Jiang(C) Time-dependent changes inMet concentration 5 or 24 hr after culture in comp
(right).
(D) Time-dependent excretion of Hcy 5 or 24 hr after culture in complete media.
complete or Met-deprived media. Error bars represent SEM (n = 3). Student’s t te
definitive endoderm.
Cet al., 2009). Separation was achieved using an ACQUITY UPLC BEH C18 col-
umn. Briefly, cells were lysed using three cycles of freeze/thaw in 50% meth-
anol. Samples were deproteinized using 33% acetonitrile and evaporated
completely. Pellets were dissolved in 10 mM HCl, followed by filtration using
0.22 mm polyvinylidene fluoride (PVDF) filter (Millipore) and diluted with equal
volumes of either 50 mM Tris-HCl (pH 8.8) with 100 mm dithiothreitol (DTT)
for Met, SAM, and SAH or 20 mM formic acid for MTA. For Hcy analysis in
the media, cultured media were collected and incubated for 10 min at 37C
with 10mMDTT to obtain total Hcy secreted from the cells. Media were depro-
teinized using 50% acetonitrile, followed by filtration, and then diluted with
equal volumes of 50mMTris-HCl (pH 8.8). Each sample was injected, and con-
centrations were calculated based on the standard curve obtained from serial
dilution of standard solution for each metabolite.
Microarray Analysis
Affymetrix H133 Plus 2.0 series probe array (GeneChip) was used. Expression
analysis was performed using the Subio Platform (Subio).
Cell-Cycle Analysis
Fixed cells were stained with DAPI and anti-phospho Histone H3 Ser10 (pH3;
Millipore). Images were acquired on the ImageXpress Micro and analyzed
using the Cell Cycle Application Module (Molecular Devices).
Apoptosis Assay
Apoptosis was detected by the TUNEL method using an In Situ Cell Death
Detection Kit (Roche).
Measurement of Cell Proliferation
Cell proliferation wasmeasured by the incorporation of EdU into genomic DNA
during the S phase of the cell cycle, using Click-iT EdU Kit (Invitrogen).
Functional Assays for Hepatocytes
Albumin secretion assay was performed as described (Shiraki et al., 2011).
Cryopreserved human hepatocytes (Invitrogen) cultured 24 hr on collagen I
coated plates with hepatocyte maintenance medium (Invitrogen) were used
as positive controls.
Methylation Profiling
Methylation profiling analysis was performed as described (Nagae et al., 2011).
Methylation status was analyzed using the Human Methylation 450 BeadChip
(Illumina).
Statistical Analysis
Error bars represent SEM. The significance of differences between two groups
was analyzed by Student’s t test and presented as *p < 0.05 or **p < 0.01.
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